Objective: The aim of this study was to investigate the effects of hypo-osmotically induced calcium (Ca 2+ ) transients on the organization of the actin cytoskeleton in articular chondrocytes. The secondary hypothesis tested was that actin restructuring following hypo-osmotic stress is mediated by gelsolin.
Introduction
Articular cartilage is the connective tissue that lines the ends of bones and serves as a nearly frictionless surface to transmit and distribute joint loads. This tissue contains a single type of cell, the chondrocyte, which is responsible for the turnover and maintenance of the extracellular matrix. Chondrocytes have been shown to alter their biological activity in response to loading of the joint and it is now believed that biophysical signals play an important role in regulation of tissue homeostasis 1 . The mechanisms by which these cells respond to physiologic loading of the joint may involve many pathways, and are not fully understood.
Chondrocytes in adult articular cartilage lie isolated from each other in a hydrated extracellular matrix containing aggrecan, a large polyanionic macromolecule 2 , collagen, and other proteins and amino acids. The fixed negative charge of aggrecan entangled within the collagen matrix influences the ionic composition of the environment surrounding the chondrocytes. The negative charges of the aggrecan attract a high concentration of cations relative to other physiologic fluids, therefore increasing the interstitial osmolality. The osmotic pressure difference between the cartilage and its surroundings causes the cartilage to imbibe water 3 . Because of the complex physicochemical environment within the tissue, normal physiologic loading exposes the chondrocytes to a diverse array of biophysical signals, including mechanical and osmotic stresses, fluid flow, and fluid pressures 1 . In response to mechanical compression, water is exuded from the tissue and reabsorbed upon unloading 4 . This loss and gain of water exposes the chondrocytes within the tissue to dynamic changes in osmotic pressure, thereby exposing chondrocytes to both hyper-and hypo-osmotic stresses. Furthermore, degenerative joint diseases such as osteoarthritis lead to a loss of proteoglycans and an increase in tissue hydration, which is accompanied by a decrease in the interstitial osmotic pressure 5 . Previous studies have shown that alterations of the extracellular osmolality from 250 to 500 mOsm can have significant effects on the metabolic activity of isolated chondrocytes or cartilage explants 6, 7 . Furthermore, the effects of prolonged mechanical compression or release of compression on chondrocyte metabolism are believed to be due, at least in part, to changes in the osmotic environment of the chondrocyte secondary to fluid exudation or imbibition 1, [6] [7] [8] [9] . However, little information is currently available on the mechanisms by which osmotic stress initiates intracellular signals that may influence proteoglycan or collagen metabolism.
It has been shown previously that changes in external osmotic pressure can induce transient increases in the concentration of intracellular calcium ion ([Ca 2+ ] i ) as well as alterations in cytoskeletal architecture 10, 11 . In particular, actin filaments can reorganize during hypo-osmotic swelling [12] [13] [14] through a mechanism that is hypothesized to involve an increase of [Ca 2+ ] i . Calcium plays an important role in actin depolymerization by binding and activating gelsolin 15 . This protein is known to be among the most effective actin binding, severing, and capping proteins 16 . In the presence of Ca 2+ , gelsolin undergoes a conformational change that exposes its actin binding sites 17 . Through its binding to actin, gelsolin weakens noncovalent bonds in the actin filaments leading to actin filament severing 18 . Upon severing, gelsolin masks the barbed end of the actin filament, which inhibits repolymerization. This capping action is reversed in the presence of phosphatidylinositol-4,5-bisphosphate (PIP 2 ) and actin repolymerizes spontaneously 19 . This depolymerization followed by repolymerization may facilitate regulatory volume mechanisms, as actin is known to contribute to volume regulatory processes 14 . The breakdown of actin may allow the cell to accelerate solute and water transport aiding in chemical equilibrium 20 . This study examined the effect of hypo-osmotic stress on isolated articular chondrocytes. The primary hypothesis was that hypo-osmotic stress causes an increase in [Ca 2+ ] i . The secondary hypothesis was that actin remodeling occurs during hypo-osmotic stimulation through a Ca 2+ -dependent mechanism. To test these hypotheses, chondrocytes were exposed to hypo-osmotic solution and relative Ca 2+ and inositol trisphosphate (IP 3 ) concentrations were measured over time. The structure of the actin cytoskeleton was also examined following acute exposure to hypoosmotic stress and colocalization of gelsolin with F-actin was also quantified. The results of this study suggest that Ca 2+ transients elicited due to hypo-osmotic stress contribute to actin cytoskeleton restructuring, which may affect further down stream signaling events.
Materials and methods

CELL CULTURE AND ISOLATION
Primary articular chondrocytes were isolated from knee cartilage of skeletally mature pigs (Nϭ15) immediately after sacrifice. The joint was aseptically dissected and shavings of cartilage were removed with a scalpel from the articular surfaces. The shavings were placed into wash media consisting of Dulbecco's Modified Eagle Medium (DMEM) containing gentamycin, kanamycin, fungizone, and 15 mM HEPES in a humidified environment for 1 h at 37°C, 5% CO 2 . Chondrocytes were isolated from the extracellular matrix using previously described methods 21 . Briefly, the tissue was minced and incubated in wash media containing 1320 PUK/ml of pronase (Calbiochem, San Diego, CA, U.S.A.) and 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, U.S.A.) for 1 h at 37°C, 5% CO 2 . The tissue pieces were centrifuged and rinsed in wash media twice following pronase digestion. The tissue pellet was then resuspended in wash media containing 0.4% collagenase type II (Worthington, Freehold, NJ, U.S.A.) and 10% FBS (Gibco) for 3 h at 37°C, 5% CO 2 . The suspension was vortexed every 15 min. Following this incubation, the cell suspension was filtered through a sterile nylon filter (70 µm) (Becton Dickinson, Franklin Lakes, NJ, U.S.A.) to remove extracellular debris. The cells were washed, counted, and resuspended in culture media (DMEM-F12 with 10% FBS and penicillin/streptomycin) at a concentration of 1×10 6 cells/ml. The cells retained a rounded state during the testing period, and cell viability was found to be greater than 95% as determined by trypan blue exclusion assay.
OSMOTIC STRESS
All tests were performed within 12 h of isolation to ensure a rounded shape and the lack of extracellular matrix regeneration. A solution of 250 mOsm was prepared by adding water to the iso-osmotic solution (DMEM, 310 mOsm). Media osmolalities were measured using a vapor pressure osmometer (Wescor, Logan, UT, U.S.A.). These osmolalities were selected based on previous studies that have examined chondrocyte metabolic changes in response to osmotic stress 6, 7, 22, 23 . It is important to note that while extracellular osmolality in native cartilage is higher than our iso-osmotic conditions, it has been shown that cells isolated and cultured under 380 mOsm behave in a similar manner as those isolated at 310 mOsm 24, 25 . Osmotic stress was applied to cells seeded on a coverslip using a custom-built perfusion chamber that allowed for rapid and complete replacement of media while viewing the cells by laser scanning microscopy. All experiments were carried out at 37°C. Only adherent, rounded cells were examined.
CALCIUM-FREE EXPERIMENTS
A solution of 250 mOsm was prepared by adding deionized water to the Ca 2+ -free iso-osmotic solution (DMEM, 310 mOsm), and media osmolalities were measured using a vapor pressure osmometer (Wescor). Osmotic stress was applied as previously described. Prior to these experiments, the cells were gently washed in the Ca 26 . Excitation was performed with an argon ion laser (488 nm) and emission was recorded at 505-550 nm (Fluo-3) and at >650 nm (Fura-Red). A series of fluorescence images was recorded at a scan rate of 0.33 Hz for at least 10 min to determine relative [Ca 2+ ] i . The pinholes of the laser scanning microscope were completely opened, thus eliminating the confocality of the recordings. In this configuration, the optical section thickness was approximately the diameter of a cell. This method was used to eliminate intensity changes that result from a changing z-section when the volume of the 188
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cell is altered. Ratioing the two fluorescent indicators also prevented intensity changes due to volume perturbation. This method of recording changes in [Ca 2+ ] i allowed an analysis of a global response. The intensity values were then averaged throughout the experiment over every pixel contained in the cell. A positive Ca 2+ response was indicated when the intensity ratio of Fluo-3 to Fura-Red increased by more than 10% over baseline. This is the value found to be above normal [Ca 2+ ] i fluctuations at equilibrium.
SPECTRAL ANALYSIS
All Ca 2+ transients demonstrating oscillations were subjected to spectral analysis to identify the major frequencies of oscillations. This analysis decomposed the time series data into a sum of cosine and sine waves with different periods corresponding to T, T/2, T/3,{T/N where T is the total time of the experiment and N is the number of samples. Following a single series Fourier analysis, the periodogram was calculated and the predominant period extracted. All of the periods were averaged and tested for statistical differences. Statistical analysis was performed using analysis of variance (Statistica, Tulsa, OK, U.S.A.).
INHIBITORS OF CA 2+ MOBILIZATION
In order to determine the mechanism of increased [Ca 2+ ] i in response to hypo-osmotic stress, different inhibitors were used to block pathways of Ca 2+ mobilization. These compounds were dissolved in standard media (DMEM, 310 mOsm). None of the applied inhibitors or media caused alterations in cellular volume or attachment. To determine if the observed Ca 2+ response was due to influx from the extracellular space, the cells were tested in the presence of Ca 2+ -free media with 10 mM EGTA, a Ca 2+ chelator (Sigma, St. Louis, MO, U.S.A.). In order to determine the role of intracellular Ca 2+ stores on the observed Ca 2+ transients, the cells were incubated (30 min prior to dye loading) and tested in the presence of 3 µM thapsigargin (Calbiochem), an inhibitor of Ca-ATPases on endoplasmic reticulum.
For each test condition, the percentage of cells responding to osmotic stress with a positive increase in fluorescence ratio value was reported. Where appropriate, the percentage of cells demonstrating oscillations in [Ca 2+ ] i , the time of onset of the first peak, and the period of oscillation were reported. The percentage of cells responding in different treatment groups as well as the percentage of those cells with oscillating Ca 2+ transients was examined using chi-squared analysis of proportions. The characteristics of the Ca 2+ transients were compared among different treatment groups using an analysis of variance (Statistica). Statistical significance was reported at the 95% confidence level.
INOSITOL TRISPHOSPHATE MEASUREMENT
Chondrocytes were seeded in 75 cm 2 flasks (Corning Labware, Corning, NY, U.S.A.) overnight. The cells were then exposed to hypo-osmotic stress (250 mOsm) for different time periods (0, 0.5, 1, 2, 5, 10, 15, 30, 60, and 120 min). The experiment was terminated with 15% icecold trichloroacetic acid (TCA). The concentration of IP 3 was then measured using a competitive binding assay according to the manufacturer's protocol (TRK1000, Amersham Pharmaceuticals, Buckinghamshire, U.K.).
Briefly, after termination of the experiment, the cells were scraped from the tissue culture flask and the suspension was transferred to a 50 ml conical tube on ice. This suspension was centrifuged and the supernatant was extracted three times with ice-cold diethyl ether. An aliquot of the sample was incubated with [ 3 H]-IP 3 and an IP 3 binding protein was added to the mixture and incubated for 10 min. The suspension was centrifuged and the supernatant containing free [ 3 H]-IP 3 was discarded. The pellet was resuspended in 150 mM sodium hydroxide and neutralized to pH 7.5. The radioactivity in each sample was measured for 4 min using a beta scintillation counter (Packard, Meriden, CT, U.S.A.). Standards of known concentrations of IP 3 were prepared and reacted in the same fashion. A calibration curve was created and experimental concentrations were determined. ACTIN LABELING Isolated chondrocytes were seeded on Lab-Tek ® chambered coverglass slides overnight (Nalge Nunc International, Naperville, IL, U.S.A.). Osmotic stress (250 and 310 mOsm) was then applied for different time intervals (0, 0.5, 1, 2, 5, 10, 15, 30, 60, and 120 min). At the end of each experiment, the cells were fixed using 3.7% formaldehyde in DMEM of the same osmolality for 10 min. They were then washed twice in PBS and permeabilized with 0.1% Triton ® X-100 in PBS for 5 min. The cells were washed two more times with PBS. A blocking solution of 1% BSA in PBS was applied for 30 min. Following this incubation, fluorescent phalloidin (Oregon Green™ 488 phalloidin, Molecular Probes Eugene, OR, U.S.A.) was applied for 20 min at 2 units per slide. The cells were again washed two times in PBS and then a coverslip was applied using the ProLong™ Antifade kit (Molecular Probes).
ACTIN-GELSOLIN DUAL LABELING
Isolated chondrocytes were seeded on Lab-Tek ® chambered coverglass slides overnight (Nalge Nunc International, Naperville, IL, U.S.A.). Osmotic stress (250 mOsm) was then applied for different time intervals (0, 0.5, 1, 2, 5, 10, 15, 30, 60, and 120 min). At the end of each experiment, the cells were fixed using 3.7% formaldehyde in DMEM of the same osmolality for 10 min. They were then washed twice in PBS and permeabilized with 0.1% Triton ® X-100 in PBS for 5 min. The cells were washed two more times with PBS. A blocking solution of 1% BSA in PBS was applied for 30 min. Fluorescent phalloidin (Rhodamine phalloidin, Molecular Probes) was then applied for 20 min at 2 units per slide. The cells were washed four times in PBS at 10 min per wash. Next, the primary antibody to gelsolin was applied (GS-2C4, 1:500 dilution in PBS, Sigma, St. Louis, MO, U.S.A.) for 1 h. After three washes the secondary antibody was applied (Alexa-Fluor™ 488 anti-mouse, 1:50 dilution in PBS, Molecular Probe) for 30 min. Three more washes in PBS were performed and coverslips were mounted on the slides using 1.5:1 glycerol:PBS.
GFP-ACTIN TRANSFECTION EXPERIMENTS
Prior to transfection and immediately after isolation, chondrocytes were incubated overnight to nearly 80% confluency. The plasmid pEGFP-actin was obtained from Clontech Laboratories (Palo Alto, CA, U.S.A.) and used for ] i was seen by 57 s followed by a gradual decrease towards baseline. (b) Cells were exposed to a hypo-osmotic solution and typical responses consisted of an initial peak followed by oscillations. The vertical axis represents a ratio of Fluo-3 intensity to Fura-Red intensity normalized to this ratio at time zero. The time of onset, rise time, and period of oscillation were analyzed for each cell.
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Hypo-osmotic stress induces calcium-dependent actin reorganization monitoring F-actin reorganization in real time following hypo-osmotic challenge. This plasmid contained the gene for β-actin fused to enhanced GFP, driven by the cytomegalovirus promoter. FuGENE™ 6 (Roche Diagnostics, Mannheim, Germany) was the transfection reagent used in these experiments and the methods prescribed by the manufacturer's instructions were followed. Briefly, 6 µl of the transfection reagent were added to 94 µl of serum-free media and incubated for 5 min. The plasmid DNA (2 µg) was added to this mixture and allowed to conjugate for another 15 min. The plasmid-transfection reagent complexes were added to the cell media. After 48 h the cells were assessed for transfection using confocal microscopy (LSM 510, Zeiss) and an FITC filter set. Cells expressing the fluorescent actin were hypo-osmotically challenged using 250 mOsm media and the cellular reaction was documented for the ensuing 12 min.
ACTIN RESTRUCTURING F-actin distribution was analyzed using confocal laser scanning microscopy (LSM 510, Zeiss). Images were obtained through using a C-Apochromat, 63×, water immersion, 1.2 NA objective lens. Optical slice thickness was approximately 5 µm when analyzing phalloidin stained cells (512×512 pixel resolution) and approximately 1 µm when analyzing GFP-actin transfected cells (1024×1024 pixel resolution). Using LSM 510 (Zeiss) imaging software, linear intensity profiles were recorded, each of which depicted actin distribution in the cell. The organization of the actin was quantified by examining the presence of actin near the membrane and that found in the interior of the cell. Membrane intensity was considered to be the average of the highest two intensities at the edge of the cell (outer 2 µm). Cytoplasmic intensity was the average intensity of all pixels in between these two points. These were then ratioed as (I membrane ϪI cytoplasm )/(I membrane ϩI cytoplasm ). All values reported were normalized to the initial ratio.
In order to examine if the influx of extracellular Ca 2+ plays a role in actin restructuring following hypo-osmotic stimulation, the cells were tested as previously mentioned for 0.5, 1, 2, 5, 10, 15, 30, and 60 min in the absence of extracellular Ca 2+ by using Ca
2+
-free medium with added EGTA (see above).
COLOCALIZATION
Hypo-osmotically stressed cells were dual labeled for actin and gelsolin as previously mentioned. To ensure the validity of colocalization observed, fluorophores were chosen such that spectral bleed through was minimal. In addition, the use of a single antibody with phalloidin nullified the possibility of cross-reactivity. Distribution and colocalization of actin and gelsolin were analyzed using confocal laser scanning microscopy (LSM 510, Zeiss) and subsequent digital image processing. Images were obtained through a C-Apochromat, 63×, water immersion, 1.2 NA objective lens. The Rhodamine phalloidin labeled actin was visualized using laser excitation of 543 nm and emission of 585 nm. Gelsolin was visualized using laser Fig. 2 . Concentrations of IP 3 through time in hypo-osmotically stressed chondrocytes. Cells were exposed to 250 mOsm hypo-osmotic stress for 0, 0.5, 1, 2, 5, 10, 15, 30, 60, or 120 min, the media was removed, and the cells were fixed. IP 3 was collected and measured as described in section Materials and methods. Competitive binding with radioactive IP 3 was performed so that the concentration of IP 3 in the sample could be determined. The concentrations presented were those extrapolated from a best fit curve derived from a set of standards.
excitation of 488 and 525 nm emission. Confocal images (1024 pixels×1024 pixels, 8-bit) were converted to TIFF format and image analysis was performed using a custom written program in PV-WAVE (Visual Numerics, Houston, TX, U.S.A.). To measure colocalization, a count of the number of red pixels (actin) and then the number of these pixels that had green (gelsolin) was made. From this, a percent colocalization of gelsolin with actin was obtained by dividing the number of red and green pixels (actin with gelsolin) by the number of red pixels (actin only). This was the fraction of pixels positive for actin staining as well as gelsolin. The correlation coefficient and its statistical significance for actin and gelsolin colocalization were also measured for each image by performing a linear correlation analysis between the red and green images (Statistica software package, Statsoft, Tulsa, OK, U.S.A.).
Results
ACUTE EXPOSURE TO HYPO-OSMOTIC STRESS INITIATES A CALCIUM RESPONSE IN CHONDROCYTES
Control experiments demonstrated that replacement of the iso-osmotic medium with an identical solution resulted in no changes of [Ca 2+ ] i in any cell over the 12 min testing period. Replacement of the iso-osmotic medium by hypoosmotic medium caused a transient increase of [Ca 2+ ] that returned to baseline levels after 10 min. A typical Ca 2+ transient that occurred following osmotic stimulation consisted of an initial peak of [Ca 2+ ] i which was often followed by several oscillations [ Fig. 1(a) and (b) (Table I) . Of these, none demonstrated oscillations. Pretreatment with thapsigargin caused a significant reduction in the percentage of cells responding to hypo-osmotic stress (31.7%, Table I ) and of these cells, only 2.4% demonstrated calcium oscillations (Table I ). The average time of onset for the first peak was 67.9±61.0 s for 250 mOsm control experiments. The average rise time for all first peaks was 32.8±12.5 s and the average period of all oscillations was 122.9±33.9 s, as found by spectral analysis.
In addition to examining [Ca 2+ ] i , IP 3 concentration in hypo-osmotically cells was measured. It was found that after exposure to 250 mOsm medium, IP 3 concentrations increased five times above that found under control conditions at time zero. The peak in IP 3 concentration at 5 min was greater than 0.5 pmoles per million cells and corresponded well with the initial onset of the Ca 2+ transient and subsequent oscillations (Fig. 2) . Control experiments showed that F-actin in resting chondrocytes was localized predominantly near the plasma membrane [ Fig. 3(a) ]. The ratio of actin intensity at the membrane to that in the cytosol was measured from intensity profiles through the center of each cell [ Fig. 3(b) ]. Real-time confocal imaging using primary chondrocytes transiently transfected with GFP fused to β-actin showed actin restructuring following hypo-osmotic stimulation (Fig.  4) . It is important to note that this GFP method shows all β-actin, which may be in either fibrillar or globular forms. Through time, actin fibers, which are initially predominantly located on the cortex, were severed and subsequently detached from the cortex. Experiments showed that this process began in less than 1 min and through time the actin becomes restructured towards the cortex of the cell. In the real-time experiments, bright actin bundles were the first indication of restructuring and may be nucleation sites for the filamentous structure. Actin organization in chondrocytes exposed to hypo-osmotic stress and subsequently fixed also indicated a progressive disorganization followed by a gradual reorganization [ Fig. 5(a) ]. Significant differences in actin organization were seen at 2 min of exposure to 250 mOsm media when compared to time 30 s and 120 min [ Fig. 5(a) ]. In the absence of extracellular Ca 2+ , no reorganization of F-actin was observed [ Fig. 5(b) ].
ACTIN AND GELSOLIN COLOCALIZATION
Images dual labeled for actin and gelsolin were analyzed on a pixel by pixel basis in order to quantify the amount of gelsolin colocalized with F-actin. A baseline level of 61% colocalization was established from the control conditions (Fig. 6) . Between time zero and 30 s, colocalization increased and peaked at 30 s (Fig. 6 ). Over time, the colocalization percentage leveled off and did not demonstrate further peaks (Fig. 6) . The peak found at 30 s corresponded well with the induced Ca 2+ transient as presented above. In addition, the correlation coefficient was determined and found in all cases to be significant.
An analysis of the combined measurements of IP 3 concentration, actin localization, and Ca 2+ mobilization indicates that actin restructuring follows changes in [Ca 2+ ] i increase, and that the increase in IP 3 concentration precedes Ca 2+ oscillations, but not the initial increase (Fig. 7) . The changes in IP 3 concentration occur at the same time as increased actin restructuring and gelsolin colocalization (Fig. 7) .
Discussion
The results of this study suggest that hypo-osmotic stress, in the absence of other matrix-related biophysical effects, induces a transient increase in [Ca 2+ ] i and alters the structure and distribution of the actin cytoskeleton. The most significant finding of this study was that these two phenomena are intimately linked. The mechanisms of Ca 2+ mobilization, while not completely known, involve extracellular influx and an intracellular pathway most likely mediated through inositol phosphates 27 . The transient colocalization of gelsolin with F-actin during this process suggests that the hypo-osmotically induced Ca 2+ transient Fig. 4 . Restructuring of actin in a hypo-osmotically stressed chondrocyte, recorded in real time. Chondrocytes were transfected with a gene coding for pEGFP-actin using FuGene. Cells were then placed in the perfusion chamber and subjected to hypo-osmotic stress. Fluorescent actin was visualized using confocal microscopy. Time (in s) is shown in each image.
is necessary in the reorganization of actin through the activation of gelsolin. Calcium signaling can occur in hypo-osmotically challenged cells through a number of well-documented pathways 11, [28] [29] [30] . One hypothesis for control of Ca 2+ entry during swelling is distortion of the plasma membrane 31 . Increased tension from swelling physically opens ion channels and allows Ca 2+ to enter the cell. Intracellular Ca 2+ can then be supplemented by release from intracellular stores and it is then free to activate signaling pathways such as phospholipase C (PLC). The activated PLC hydrolyzes a phosphorylated phosphatidylinositol, PIP 2 . This generates two second messengers, IP 3 and diacylglycerol. IP 3 can further act to facilitate the release of Ca 2+ from the endoplasmic reticulum 32, 33 . In this study, osmotic stress induced Ca 2+ transients that exhibited distinct waveforms. Increased [Ca 2+ ] i was characterized by either one peak followed by a decline to baseline or an initial peak followed by successive oscillations (Fig. 1) . The fact that not all cells respond with the same Ca 2+ transient characteristics indicated an inhomogeneous population of cells. The cells tested in the present study represented a heterogeneous mix of chondrocyte subpopulations from different zones of the cartilage, and it is important to note that the function of cells from varying regions may differ.
Results showed that the time of onset for the initial Ca 2+ peak from hypo-osmotic stimulation was on average 32.8 s.
The initial peak under hypo-osmotic stimulation was usually followed by oscillations that occurred throughout the remainder of the experiment ( Fig. 1 and Table I ). These oscillations suggest that there is a store-operated mechanism releasing Ca 2+ , which may be opened by IP 3 Fig. 5 . (a) Graph of normalized intensity ratios of membrane intensity to cytoplasmic intensity in hypo-osmotically stressed chondrocytes. Isolated cells were stressed for the set time and fixed. Cells were fluorescently labeled for actin with rhodamine phalloidin. The number graphed is (I membrane ϪI cytoplasm )/(I membrane ϩ I cytoplasm ) normalized to the control ratio. Membrane intensity was defined as the average intensity of the two highest peaks at the edge of the cell and cytoplasmic intensity is the average intensity of all points between these two. The time course shows movement of actin to the cytoplasm (tϭ2 min) and then back to the membrane (tϭ30 min) (numbers marked with stars show a statistical significance of P<0.05) (b) Graph of normalized intensity ratios of membrane intensity to cytoplasmic intensity in chondrocytes tested in Ca 2+ -free media. Before the experiment was performed, the cells were briefly washed in Ca 2+ -free media. Osmotic stress was then applied using Ca 2+ -free media for the time indicated on the x-axis. At the end of the experiment, the cells were fixed and actin was fluorescently labeled using rhodamine phalloidin. Actin localization was measured as described above. No restructuring of actin was observed as demonstrated by the lack of significant difference in the measured values (P>0.05). Fig. 6 . Colocalization of actin and gelsolin in isolated chondrocytes through time. The chondrocytes were stressed with 250 mOsm media for the time indicated on the x-axis. They were then fixed and dual-labeled for F-actin and gelsolin as described in section Materials and methods. Colocalization between the images was calculated as previously described. 34 . These may be located on different regions of the endoplasmic reticulum and both have been found in articular chondrocytes 35 . Interestingly, the onset value of the induced Ca 2+ transient corresponded well with the subsequent rise in IP 3 concentration (Fig. 2) , the subsequent increase in gelsolin colocalization with actin (Fig. 6) , and then dissociation of actin fibers from the cortex of the cell (Figs.  4 and 5) .
To investigate the role of extracellular Ca 2+ in the osmotically induced transient, cells were tested in the presence of Ca 2+ -free medium with the chelator EGTA. It was found hypo-osc challedid elicit a response under these conditions. Our results are in agreement with other studies on the role of osmotic and mechanical stress, which indicate that Ca 2+ influx from the extracellular space is essential for Ca 2+ transients or oscillations to occur 11, 28, [36] [37] [38] [39] [40] . The activation of the store-operated Ca 2+ release mechanism was also examined using thapsigargin, an inhibitor of Ca-ATPases on the endoplasmic reticulum. Exposure to thapsigargin significantly reduced the number of cells responding under hypo-osmotic stimulation conditions (Table I ). In addition, thapsigargin abolished all [Ca 2+ ] i oscillations (Table I ). This conclusion is consistent with previous studies that have shown that hypo-osmotic stress decreases levels of PIP 2 and increases levels of IP 3 41,42 . Previous reports have shown that membrane potential of the cell may change upon exposure to this inhibitor, and that this change may be the underlying cause of the Ca 2+ transient inhibition [43] [44] [45] . Membrane potential was not measured in this study and therefore cannot be ruled out as a possible contributor to altered Ca 2+ transients.
The results of this study showed altered actin organization following hypo-osmotic stress exposure, which is in agreement with previous studies that have shown that exposure of cells to osmotic pressure changes results in Ca 2+ transients and alterations of the cytoskeletal architecture 10, 11 . As shown in several other cell types, actin filaments can reorganize during swelling and regulatory volume decrease [12] [13] [14] . The results of this study showed significant actin breakdown and restructuring coupled with an induced Ca 2+ influx. In contrast to control experiments, actin restructuring was not observed in response to hypo-osmotic stress in the presence of Ca 2+ -free media, which abolished all Ca 2+ transients. As increased [Ca 2+ ] i is necessary for activation of gelsolin 15 , the results of this study provide support for the hypothesis that gelsolin activation is involved in the disassembly of actin. Gelsolin was targeted due to its presence in a wide variety of tissue, its known ability to sever and restructure actin, and its Ca 2+ dependence 15, 16, 19, 46 . Because gelsolin remains bound to actin after severing, any actin disruption by this mechanism would be apparent through increase in the colocalization of these two proteins 18, 47 . Digital image analysis of colocalization using dual labeled sections indicated that gelsolin and actin did indeed associate and dissociate in the chondrocyte in response to hypo-osmotic stress. Increases in the colocalization of actin and gelsolin coincided with the initiation of Ca 2+ transients following acute exposure to hypo-osmotic stress. This observation further supports a mechanism of actin breakdown that involves gelsolin activation. In addition, an increase in IP 3 concentration was found in response to hypo-osmotic stress, which indicated decreased concentrations of PIP 2 . The induced Ca 2+ transient coupled with decreased concentrations of PIP 2 was ideal for gelsolin activation. Over time following hypoosmotic stress, conditions existed to inactivate gelsolin. With gelsolin in its inactive form, actin filaments reassembled at the cortex.
The results of this study showed that chondrocytes respond to osmotic stress and have the ability to initiate an intracellular Ca 2+ signal, which is involved in restructuring of the actin cytoskeleton. Previous studies have shown that osmotic stress has a strong influence on chondrocyte metabolic activity 6, 7 . It is known that altered levels of Ca 2+ in the cell can affect many biochemical events 48 . The mechanisms by which Ca 2+ regulates cell function are many and can include binding of calmodulin and subsequent activation of protein kinases. In chondrocytes, it has been suggested that an increase in [Ca 2+ ] i may initiate matrix vesicle biogenesis, alter type-I and type-II collagen ratios, and affect proteoglycan synthesis [49] [50] [51] [52] . In addition, it has been shown that actin disruption can lead to an altered state of collagen production and chondrocyte differentiation [53] [54] [55] [56] . Taken together, these findings provide new information on potential signaling pathways in chondrocytes under osmotic loading. The exact consequence of Ca 2+ entry and actin remodeling are not known, but the findings of this study support the hypothesis that the intracellular Ca 2+ transient is an early event in osmotically induced signaling which leads to actin cytoskeleton remodeling.
